The main aim of this work is to demonstrate the use of electronically controlled second-generation current conveyor in providing electronic control to the condition of oscillation (CO) of a new active RC sinusoidal oscillator. Electronic control of the CO, which is independently set and does not affect the oscillation frequency, is enabled by the use of an auxiliary amplitude control loop to regulate the amplitude and provide very good total harmonic distortion performance. The proposed oscillator employs only one standard second-generation current conveyor, one electronically controlled secondgeneration current conveyor, five passive elements and is capable of providing three voltage outputs having phase shifts 45 and 90°, if specific design requirements are fulfilled. Similar simple types of oscillators do not provide such features. Non-ideal analysis of the circuit has also been carried out and the proposed oscillator has been verified by both PSpice simulations and experimental measurements using commercially available integrated circuits.
INTRODUCTION
The second generation current conveyor (CCII) (Sedra and Smith, 1970; Biolek et al., 2008) and its practical utilization (Svoboda et al., 1991 ) is a very popular active element for the realizations of variety of circuit solutions. However, active RC circuits based on CCII typically lack in inherent electronic control of the circuit parameters. Electronic control for such CCII based RC solutions is made possible by simulating resistor through metaloxide-semiconductor field-effect transistor (MOSFET) in triode region and thereby creating a voltage-controlledresistor. A unique way of creating electronically controlled RC circuits is to provide electronic control within the CCII, *Corresponding author. E-mail: sotner@feec.vutbr.cz. Tel: +420 541 149 140. which was first attempted by Surakampontorn and Thitimahshima (1988) by creating the so called electronically controllable current conveyor (ECCII). ECCII has controllable current gain between X and Z terminals. One of the most recent Complementary metaloxide-semiconductor (CMOS) implementations of the ECCII was presented by Minaei et al. (2006) . To improve the features and adjustability other active elements were developed, that is, voltage gain controlled current conveyors (VGC-CCII) (Marcellis et al., 2009) , that enables the gain control between X and Z terminals and furthermore the control of gain between Y and X terminals, and other active elements providing currentgain (Kumngern et al., 2010a; Tangsrirat, 2008; . Biolek et al. (2008) also lists many active elements for direct electronic control of circuits, but many of them are only hypothetical and not commonly available for designers without microelectronic technology and production.
As shown subsequently, ECCII is a very useful active element for the design of sinusoidal oscillators. It can provide direct electronic control of the frequency of oscillation (FO) and the condition of oscillation (CO) (Kumngern et al., 2010a; Sotner et al., 2011a Sotner et al., , b, 2010 . Electronic control of the FO is very useful for applications requiring variable frequency sources and frequency control on the fly. The control of CO can be very useful for applications requiring tight control of the amplitude of oscillation and having very tight total harmonic distortion (THD) requirements. Electronic control of the CO can be used to regulate the amplitude by sensing the peak of the amplitude and reducing the loop gain, thereby controlling the oscillation amplitude.
In this paper, a simple three-phase oscillator employing a single ECCII-and CCII+ is presented, wherein electronic control of the CO has been enabled using ECCII. Thus, the proposed oscillator is able to achieve very good THD performance. Due to the very large number of works dealing with controlled current (CC) based oscillators, it is impossible to discuss all the previously published results and we restrict this discussion to state-of-the-art solutions. It should be pointed out that many of the RC oscilla-tors do not discuss the control mechanism and just state that the oscillation condition and oscillation frequency can be changed by varying the passives element values (e.g. resistors and thereby coming with terminologies like resistance-controlled-oscillators, etc). We divide RC oscillators based on CCs to the three following types:
Type I: The first group contains mainly non-adjustable oscillators. It means that tuning of FO is complicated (simultaneous changes of several values of resistors) or is not allowed. These oscillators are more suitable to be used as fixed frequency oscillators. Several works can be introduced as examples (Nandi, 1977; Abuelmaatti and Humood, 1987; Martinez et al., 1995; Soliman, 1998; Soliman and Elwakil, 1999) . Many circuits were designed as modifications of well known Wien-bridge oscillator. In the mentioned works two or more active and four or more passive elements were used. Soliman (1999) verified several solutions, where two or three CCII-s and four or six grounded passive elements were used. We can suppose that the current feedback amplifier (CFA) is also CCII with additional voltage buffer. Many authors were interested in this field for years. For example Senani and Sharma (2004) used one CCII/CFA and six passive elements (floating and grounded) in simple oscillators, where CO is adjustable independently with respect to FO by one resistor.
Type II: All solutions that provide control of FO and CO by floating or grounded resistors to the second group were clubbed. This type of oscillators is classified as single resistance controlled oscillator (SRCO). Celma et al. (1992) utilized only one CCII+, two grounded capacitors and three resistors in simple oscillator. There exist possibilities of FO and CO control, but the elements that provide adjusting are floating. Senani and Singh (1996) proposed solution, which allows the control of FO and CO separately by two resistor values. The circuit employs two CFAs, two capacitors and three resistors. Also Horng (2005) published several solutions, where SRCO oscillators using three CCII (positive and negative types) and grounded passive elements were proposed. Similarly, Chang (1994) showed us SRCO oscillator using three CCII (both types), two grounded capacitors and resistors. Toker et al. (2002) proposed SRCO types, where inverting type of CC (ICCII) was used. Martinez et al. (1999) built his SRCO with three CCII+s, two grounded capacitors, and four resistors. Similarly, Khan et al. (2005) used commercially available CCII/CFA elements with four resistors and two grounded capacitors for SRCO design. Quite large and difficult solutions were presented by Soliman (2010) . Circuits contain four CCIIs and maximally 6 passive elements, most of them are grounded. Recently, several solutions of SRCOs employing two current conveyors and maximally four passive elements are summarized by Lahiri (2011) .
Type III:
This group covers such realizations, where FO and CO are adjustable electronically in direct way. One possibility is to control the intrinsic resistance (R X ) of input terminal X of CCII (Fabre et al., 1996; Salem et al., 2006; Barthelemy et al., 2007; Eldbib and Musil, 2008) or simulate resistors by transconductance elements, e.g. operational transconductance amplifier (OTA). Of course, there exist many solutions with more sophisticated active elements like current follower transconductance amplifier (CFTA) , current controlled current differencing transconductance amplifier (CCCDTA) (Jaikla and Lahiri, 2012) , etc., Biolek et al. (2008) worked on it, but it is not the intention of this work to discuss all of them. An example of such oscillator solution was published (Horng, 2001) , where FO and CO are controlled by bias current setting R X of the active element. Abuelmaatti and Al-Qahtani (1998) presented multiphase (n-phases) oscillator using lossy integrators. Each integrator is based on CCCII and two grounded capacitors and hence, oscillator employs only capacitors as external components. Another way is to use adjustable current gain to control FO and CO. Recently, several active elements with this feature were published (Minaei et al., 2006; Marcellis et al., 2009; Kumngern et al., 2010a; Tangsrirat, 2008; Shi-Xiang et al., 2007) . Kumngern et al. (2010a) proposed multiphase oscillator with oscillation frequency controlled by current gain in each integrator section. Similar solution is provided by Souliotis et al. (2009) with controllable current amplifiers. Biolkova et al. (2011) proposed two "SRCO compatible" oscillators with differential-output current inverter buffered amplifiers (DO-CIBAs). The circuit is quite simple and provides four-phase outputs, which is suitable for differential outputs. Kumngern and Junnapiya, (2010b) discussed the combination of both intrinsic resistance and current gain control to adjust the FO and CO in oscillator using only two current conveyors and two grounded capacitors. Main design approaches in most of the aforementioned types of oscillators are loop and multi-loop integrator structures, nodal admittance analysis (autonomous circuit) or state variable synthesis. Also, many of the discussed multiphase oscillator circuits provide phase shifts either in 90 or 180°(that is, inversion). This is provided by the presence of integrators in the circuit loop in most cases (Kumngern et al., 2010a; Sotner et al., 2011a, b; Abuelmaatti and Al-Qahtani, 1998; Souliotis et al., 2009; Biolkova et al., 2011) or based on multifunctional biquad filter-band pass response (Bajer et al., 2011a) for example. Our oscillator provides both 45 and 90° phase shift, which is a special feature of our circuit. Two produced signals are accessible from high-impedance nodes and the third is the current response through grounded resistive load. In Sotner et al. 3091 comparison to some of the previously published solutions, CO control in our circuit is simpler and more effective, since the current gain of the ECCII is controlled by direct current (DC) voltage. This also provides compatibility with an auxiliary amplitude control loop to regulate the oscillation amplitude. The proposed oscillator has been experi-mentally verified by using commercially available Integrated circuits (ICs) and with an auxiliary amplitude control loop to prove the concept of the used ECCII in controlling the CO, to regulate the amplitude and provide very good THD performance.
PROPOSED THREE-PHASE OSCILLATOR
B G (adjustable transfer between X and Z port of the ECCII) was used in our contribution, which allows us to set the CO without disturbing the FO. It can remove the earlier discussed drawback also in some hitherto published solutions. However, it can not be always helpful. Specific solution (concerning controllable B G ) is based on type of circuit topology. After this modification and proper design, FO is set by the passive elements and CO by the current gain (B G ) in our circuit. As pointed earlier, the electronic control of the CO enables the use of auxiliary amplitude control loop to regulate the amplitude. Figure 1 explains the general principle of the ECCII element. The transfer relations between terminal voltages and currents are described as follows (Surakampontorn and Thitimahshima, 1988; Minaei et al., 2006) :
The CCII+ behaves as the ECCII only, it does not feature with the current gain possibility, and the relation between X and Z currents is I Z = I X (Sedra and Smith, 1970) . Common design approaches discussed in introductory part are loop and multi-loop integrator structures, nodal admittance analysis (autonomous circuit) or state variable synthesis (Gupta and Senani, 1998a, b; Senani and Gupta, 1997) . We used classical nodal analysis (instructive example of this kind of synthesis was used by Toker et al. (2002) ) and found characteristic equation which provides possibility to control the condition for oscillation by B G . Proposed circuit is as shown in Figure  2 . The main advantage is that oscillator uses current gain of ECCII for automatic gain control (AGC). Five (six including R L ) passive elements, ECCII-and CCII+ together form whole oscillator circuit. All capacitors are grounded. In the proposed oscillator, both floating resistors are in series to X terminals, which is advantageous, because unwanted effects of the parasitic resistances at X terminals can be compensated by choosing sufficiently high resistor values.
Characteristic equation has the form:
The CO derived from Equation 1 is:
The oscillation frequency has very common form for these types of oscillators:
The sensitivities of oscillation frequency on all parameters are in ideal case low:
CCII+ (CC 1 ) provides not only the buffer functionality between terminal Y and X, but further enables the generation of an explicit-current-output (ECO) (Senani and Sharma, 2004 ) from the Z terminal. This current can be flown into an external resistive load to provide a third voltage output.
Simple circuit analysis of the relationship between the produced voltage signals at the nodes (highlighted by red color) shows that:
If we suppose that all resistors in the oscillator structure are equal, that is, R 1 = R 2 = R 3 = R and also both the capacitors have same value, that is, C 1 = C 2 = C, then the CO simplifies to B G = 3 and ω 0 = 1/RC. If the CO is fulfilled (B G = 3), we can obtain:
From Equation 11, it can be seen that the phase shift between V 3 and V 2 is 90, that is, they are quadrature in nature. Similarly, relation between V 3 and V 1 can be derived as: The relations between the amplitudes of the produced signals are given mainly by mutual ratio of R L and R.
At this point, we should take note of the circuit proposed by Senani et al. (1990) (Figure 2c in discussed literature), where three OTAs were used. From circuit synthesis point of view, the circuit could be considered as similar. However, there are important practical differences. First of all, circuit discussed by Senani et al. (1990) contains three active elements (and any resistor, only two capacitors), but our solution contains only two active elements, three (four including R L ) resistors and two capacitors.
Two high-impedance nodes only are in Senani´s solution, but three nodes (including high-impedance ECO output) are in our contribution. Practically, it allows us to obtain outputs of three phases. This possibility is not discussed neither was it allowed in Senani´s solution. Additionally, characteristic equations of both circuits (our and Figure 2c ) are completely different.
Similar to the proposed circuit solution, recently Bajer et al. (2011b) discussed an oscillator, which is a derivation of Wien-bridge type with two CCIIs. It does not allow direct electronic control of FO, but CO is adjustable electronically using an opto-coupler (replacement of floating resistor). Our solution provides several advantages with respect to Bajer et al. (2011b) . Our circuit contains less number of resistors, it is not necessary to drive floating resistor for CO control and features with already mentioned properties. 
REAL ACTIVE ELEMENTS NON-IDEALITIES
For the description of the proposed oscillator under the earlier discussed proposed three-phase oscillator, we assume ideal active elements, as they were presented in the first paragraph. According to Equation 3 for R 1 = R 2 = R 3 = 1 kΩ; C 1 = C 2 = 220 pF, the ideal value of oscillation frequency is 723 kHz. However, the real active elements feature with their non-ideal behavior. For the simulations and experimental measurements, these results are given subsequently in the simulations and experimental measurements. We use the current mode multiplier EL2082 as ECCII-and the diamond transistor OPA860 as CCII+.
High-impedance nodes 1 and 2 (Figure 2 ) are important in the presented circuit. Input and output impedances of active elements cause problems in these nodes. Parasitic influences in the circuit are as shown in Figure 3 . We can notice R p1  R Y_CC2 , C p1  C Y_CC2 , and R p2  R Y_CC1 ║R Z_CC2 , C p2  C Y_CC1 + C Z_CC2 . Datasheet information indicates values as follows: R Y_CC1  450 kΩ, C Y_CC1  2 pF (OPA860) and R Y_CC2  2 MΩ, R Z_CC2  1 MΩ, and C Y_CC2  2 pF, C Z_CC2  5 pF (EL2082). We also have to consider input impedances of voltage buffer in these high-impedance nodes. We used LT1364 for experimental purposes. This operational amplifier has input impedance Z inp_buff  5 MΩ/ 3 pF. In summary it means that
The following equations were derived from Figure 3 where
. It is clear that we choose R 1 = 1 k and R 3 = 910 . The characteristic equation is now in the form:
where
New formulas include discussed parameters. The oscillation condition and the oscillation frequency change to 
SIMULATIONS

AND EXPERIMENTAL MEASUREMENTS
The final connection of the proposed oscillator supplemented by the amplitude gain control circuit (AGC) is as shown in Figure 4 . Voltages generated in all nodes are available through additional voltage buffers. We used operational amplifier LT1364 together with internal buffer in OPA860 for this purpose. The AGC circuit contains cascade diode doubler and very simple common-emitter DC amplifier with bipolar transistor. The function of the AGC is based on nonlinear input-output transfer characteristic of this amplifier. Potentiometers are necessary for careful and very fine adjusting of CO. Power supply was  5 V. We used professional macromodels of the mentioned active elements for PSpice simulations and f 0 = 695 kHz was obtained. Transient responses and frequency spectrum are as shown in Figure 5 . Accordingly to Figure 5b , the THD values obtained from simulations for output amplitudes V OUT1 , V OUT2 , and V OUT3 are 0.07, 0.05, and 0.43%, respectively.
The subsequent experimental measurements were carried out using RIGOL DS1204B oscilloscope and HP4395A network vector/spectrum analyzer. The spectrum analyzer requires impedance matching (50 ) and therefore the voltage buffers were very important. Measurement results are as shown in Figure 6 . Figure  6a shows all available transient responses together. Figure 6b presents phase shift between V OUT1 and V OUT3 ; Figure 6c shows the responses of V OUT1 and V OUT2 , and finally Figure 6d shows voltages V OUT2 and V OUT3 . Experimentally measured oscillation frequency was 671 kHz, which matches well the simulation results. The difference between PSpice predicted FO (and also FO expected from Equation 21) and the experimentally obtained FO is about 3.5%, which can be accounted by the additional printed circuit board parasitic capacitances and tolerances of used working capacitors were not taken into account.
The AGC circuit preserved V G (DC value, which is approximately representing B G ) on value 2.95 V. Spectral analyses provide information of THD at all outputs (Figure 7) . Figure 7a shows the spectral analysis of V OUT1 . Suppression of higher harmonics (dominant is second) is about 52 dB and its calculated THD is lower than 0.25%. In Figure 7b , the spectral analysis of V OUT2 is depicted. Suppression of the second harmonic is more than 54 dB and THD is approximately 0.2%. The worst situation is at V OUT3 where suppression is only 43 dB (Figure 7c) , with resulting THD of 0.75%. Photos of measured experimental circuit are as shown in Figure 8 .
CONCLUSION
An oscillator with electronically controllable CO using ECCII has been demonstrated. The electronic control of the CO enables the use of an auxiliary amplitude control loop to regulate the amplitude and provide very good THD performance. It is clear from symbolical analysis that control of FO is very complicated, but proposal of fully controllable oscillator was not the intention of this contribution. We have shown other special features of circuit. The proposed oscillator employs one ECCII, one CCII and five (six, including R L ) passive components, and is capable to provide voltage outputs with either 45 or 90° phase shift, which is a special feature and interesting a b c d 
